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ABSTRACT 
The growing municipal solid waste generation rates have necessitated more efficient, 
optimized waste collection facilities. The majority of the US collection fleet is composed of 
diesel-fueled vehicles which contribute significant atmospheric emissions including greenhouse 
gases. In order to reduce emissions to the atmosphere, more collection agencies are investigating 
alternative fuel technologies such as natural gas, biofuels (bio-gas and bio-diesel), and hybrid 
electric technology. This research is an in-depth environmental analysis of potential alternative 
fuel technologies for waste collection vehicles. 
This study will evaluate the use of alternative fuels by waste collection vehicles. Life-
cycle emissions, cost, fuel and energy consumption were evaluated for a wide range of fossil and 
bio-fuel technologies. Moreover, the energy consumption and the tail-pipe emissions of diesel-
fueled waste collection vehicles were estimated using MOVES 2010a software. Emission factors 
were calculated for a typical waste collection driving cycle as well as constant speed. Finally, the 
selection of fuel type by the waste collection industry requires consideration of environmental, 
security, financial, operational, and safety issues. In this study, a qualitative comparison between 
alternative fuels was performed; a multifactorial assessment of these factors was conducted 
taking into account the opinion of the waste collection industry of the importance of each factor. 
Liquid-petroleum fuels have higher life-cycle emissions compared to natural gas; 
however landfill natural gas has the lowest life-cycle emissions compared to all other fuel 
categories. Compressed natural gas waste collection vehicles have the lowest fuel cost per 
collection vehicle mile travel compared to other fuel categories. Moreover, the actual driving 
cycle of waste collection vehicles consists of repetitive stops and starts during waste collection; 
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this generates more emissions than constant speed driving. Finally, the multifactorial assessment 
indicates that natural gas and landfill gas have better environmental, economical, and energy 
security performance than current liquid-petroleum fuels. 
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CHAPTER 1: INTRODUCTION 
 
Municipal solid waste (MSW) is generated by daily activities at homes, hospitals, schools, 
businesses, and industries. MSW can be contributed from two sources, residential (55-65%) and 
commercial (35-45%), (Bueno, 2011). In the United States, MSW typically consists of, by 
weight, paper (28.2%), food scraps (14.1%), yard trimmings (13.7%), plastics (12.3%), metals 
(8.6%), rubber, leather, and textiles (8.3%), wood (6.5%), glass (4.8%), and other (3.5%), 
(USEPA, 2011). The United States Environmental Protection Agency (USEPA) estimated that 
over 243 million tons of MSW were generated in 2009 (USEPA, 2011). This rate has been 
increasing steadily during the last three decades.  
The growing MSW generation rates have necessitated more efficient waste management 
facilities. Municipal solid waste management (MSWM) consists of three main processes, 
collection, treatment, and disposal, which contribute significant atmospheric emissions including 
greenhouse gases (GHG) (e.g. CO2, CH4) and other gases (e.g. CO, NOx). Therefore, these 
management processes should be optimized in order to reduce emissions to the atmosphere. 
Waste collection is the most labor-intensive and costly step in waste management, accounting for 
40-60% of the total MSWM cost (Bueno, 2010). This study focuses on the collection aspect of 
MSW management.  
Each week, an army of 136,000 waste collection trucks together with 12,000 transfer 
vehicles and 31,000 dedicated recycling vehicles haul away America’s garbage (Cannon, 2003).  
Approximately 91% of these vehicles are diesel-fueled, of which 40% are more than 10 years 
old. Each truck travels an average of 25,000 miles (40,000 km) annually, with fuel efficiency 
averaging less than 3 miles per gallon (mpg) (1.28 km per litter) (Cannon, 2003). This fuel 
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efficiency is considered to be low even when compared to other heavy-duty vehicles which 
average 7 mpg (Kilcarr et al., 2003). In 2009, only 1% of the US collection fleet is currently 
using alternative fuels (Rogoff et al., 2009). The waste collection industry currently contributes a 
significant carbon footprint; this study will evaluate alternatives that could reduce the detrimental 
environmental impact of waste collection.    
1.1Statement of Problem 
The waste collection industry has faced costs linked to rising fuel prices and greater 
environmental regulations issued by the USEPA and individual states. Private haulers and solid 
waste collection agencies are constantly challenged by the need to reduce emissions to the 
atmosphere, reduce cost, and at the same time increase collection efficiency and equipment 
optimization.  
1.2 Study Overview 
This research project is an environmental study of the effects of changes in fuel technologies on 
waste collection efficiencies in terms of fuel consumption, and vehicle emissions. Increasingly 
stringent USEPA emission standards and escalating diesel issues such as price stability, national 
energy security and pollution concerns have led to the pursuit of alternative fuel sources, reduced 
road time, and equipment optimization. These environmental aspects are illustrated in Figure1-1. 
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Figure 1-1: Environmental Study of Waste Collection Overview. 
1.3 Motivation of this Research 
In order to reduce emissions to the atmosphere, an increasing number of companies are 
investigating alternative fuels technologies such as compressed natural gas (CNG), biofuels (bio-
gas and bio-diesel), and hybrid electric technology. Moreover, vehicle manufacturers claim that 
new collection trucks are becoming more ecofriendly by integrating these fuel technologies. This 
study will evaluate such environmental aspects of solid waste collection, and will also establish a 
better understanding of alternative fuels technologies for waste collection vehicles.  
1.4 Significance of the Problem 
Waste collection services are provided to residential, commercial, and industrial customers. 
Figure 1-2 shows that MSW collection accounts for 67% of the waste collection and transfer 
services in the US. Moreover, transfer station services are considered to be 11% of the total 
collection services. The remaining 22% of collection and transfer services are related to 
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construction and demolition (C&D) waste services, generated by both residential and 
commercial construction activities.  
 
Figure 1-2: US Waste Collection Services Segmentations (Bueno, 2011). 
The MSWM industry is affected by multiple factors including changes in population, 
technology, consumer behavior, and the state of the economy. According to the USEPA, the 
MSW generation rates have increased dramatically during the last three decades. This increase is 
first related to the increase in the generation rate per capita, which rose from 2.68 lb/capita/day in 
1960 to a maximum of 4.72 lb/capita/day in 2000 then stabilized. The other factor affecting the 
total MSW generation rate is the growth of the US population. The US Census Bureau expects 
that the US pollution will grow from 309,162,581 in 2010 to 363,811,435 in 2030 and continue 
to grow to 420,080,587 in 2050.  This continued increase in the population will likely be 
accompanied by growth in the MSW generation rate during the next decades. 
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Figure 1-3: MSW Generation Rates, 1960-2009 (USEPA 2010). 
 
In 2006, the USEPA estimated that around 254 million tons of MSW were generated in 
the US. On the other hand, The State of Garbage in America Survey estimated less conservative 
generation rates of around 413 million tons of MSW for the same year (Arsova, 2008), which 
suggest twice the amount to be collected compared to the USEPA.  
The continuous growth rate of the MSW generation will likely be accompanied by a need 
for more collection vehicles and services. Furthermore, most collection services currently 
include three services lines for each household; collection of trash, recyclables, and yard 
trimmings. Each household typically is provided one or two days for trash collection, one day for 
recyclables collection, and one day for yard trimmings. Such a schedule requires waste collection 
vehicles to pay up to four visits to each household per week, compared to the two visits that were 
scheduled in previous decades resulting in a two-fold increase in fuel consumption and 
multiplying both the cost and the environmental impact of solid waste collection.  Consequently, 
it is imperative to increase collection efficiency and decrease vehicle emissions in order to lower 
the environmental impact of today’s solid waste collection process.  
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1.5 Research Objectives 
During the last decade, alternative fuel technology has promised a nearly inexhaustible source of 
energy to replace traditional petroleum fuels. The solid waste collection industry is at the 
forefront of alternative fuel utilization because of the demanding driving scenarios of collection 
vehicles combined with the sheer quantity of fuel needed to power the MSW industry. The main 
objective of this thesis therefore is to develop a better understanding of the use of alternative 
fuels by waste collection vehicles. This objective will be met by executing the following tasks: 
1. Compare alternative fuel life-cycle emissions: the fuel life-cycle “well-to-wheel” 
emissions will be evaluated for various alternative fuels being considered for waste 
collection vehicle use.  
2. Evaluate emissions generated under operating conditions: emissions from waste 
collection vehicles will be evaluated for diesel-fueled refuse trucks under various 
operating conditions. 
3. Perform a qualitative comparison of alternative fuels: based on the technical literature, 
alternative fuel options will be scored by a multifactorial assessment regarding the 
environmental, financial, security, operational, and safety issues related to their use.  
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1.6 Thesis Outline  
The remainder of this thesis is organized as follows: Chapter 2 briefly reviews the current 
literature on waste collection vehicles, followed by strategies to reduce GHG emissions from 
waste collection vehicles; this chapter closes by briefly describing the actual driving cycle of 
waste collection vehicles. Chapter 3 assesses the life-cycle emissions associated with alternative 
fuel technologies. Also in Chapter 3, a proposed approach will be used to find the travel cost 
related to these fuel technologies. Chapter 4 investigates the actual driving cycle of diesel-fueled 
waste collection vehicles. Chapter 5 will assess the impact of different factors associated on the 
selection of alternative fuels for collection vehicles. This chapter presents a multifactorial 
assessment of these fuel technologies. Chapter 5 ends by recommending a future fuel for waste 
collection vehicles. Finally in the last chapter, Chapter 6 summarizes these thesis findings and 
proposes outlines for future research work.  
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CHAPTER 2: LITERATURE REVIEW 
 
Prior to metropolitan organization, humans disposed of their garbage by throwing it in piles. 
Ages later humanity realized the need for moving wastes away from their cities. This necessity 
involved the use of waste collection vehicles. These vehicles are also called refuse, trash, or 
garbage trucks. This chapter briefly summarizes the history of waste collection vehicles, 
followed by an exploration of their environmental impact, and proposed strategies to reduce the 
environmental impact of these vehicles. This chapter will come to an end by describing the 
typical driving cycle of these collection vehicles. 
2.1History of Waste Collection Vehicles 
In 500 BC, the Greek city of Athens established the first ever refuse removal system. The 
Athenians consolidated their garbage in a dump that was located at a distance of one mile from 
the city walls (Hadingham et al, 1990). In the 1800’s, the garbage hauling vehicles consisted of 
two-wheeled carts drawn by horses. The carts were used to collect waste from consolidation 
barrels. Waste collectors emptied these barrels into a wagon bed in order to move waste away 
from the city. The first motorized collection trucks appeared in 1920. The open-top trucks were 
not ideal for hauling garbage since they were prone to attracting insects and emitting malodorous 
fumes. Later in the 1920’s, Britain manufactured the first covered-body, motorized truck 
specially designed for hauling garbage. This model is considered to be the first prototype for 
today’s waste collection vehicles (Montville, 2001). 
In the 1950’s post-World War II America experienced strong economic growth together 
with an increase of postwar births, which led to a significance increase in trash production and a 
concomitant burden on waste collectors to consolidate and remove greater volumes of municipal 
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waste. To accommodate this increased volume, the garbage truck industry incorporated hydraulic 
rams on its vehicles to compress trash as it was collected.  Also during this era, the US collection 
fleet completely modernized, converting the fleet of the horse drawn carts into motorized 
collection trucks (Montville, 2001). 
Up to this point, municipal waste had been manually collected from commercial and 
residential clients, causing frequent injuries to the collection workers. In the 1970s, the waste 
management industry developed automated and semi-automated collection systems that were 
designed to enhance worker safety and reduce injury, while simultaneously improving collection 
efficiency by facilitating high-speed collection (Montville, 2001). The city of Phoenix was the 
first to introduce automated side-loader collection vehicles in their fleet. The move was an 
attempt to minimize the back-breaking nature of waste collection (Rogoff et al., 2010). 
Despite the great improvement in waste collection vehicles, the industry continues to rely 
almost completely on diesel fuel; and, in fact, for the last century, diesel-fueled refuse trucks 
were considered the backbone of the waste management industry. However, 40% of the US fleet 
is now more than 10 years old and with time their once-tolerable operational specifications 
became unacceptable by present-day standards (Cannon, 2003). These trucks are now notorious 
for their adverse impact on the environment, worker safety, and public health. These trucks have 
unacceptable fuel efficiency, averaging less than 3 mpg, and emit a significant amount of air 
pollutants (Cannon, 2003). In addition, the Occupational Safety & Health Administration 
(OSHA) standards specify that the maximum permissible noise level for eight hours of exposure 
(the average daily route) is 90db (OSHA, 2004). However, diesel-fueled waste collection 
vehicles can easily exceed theses noise levels and cause hearing problems (Gordon et al., 2003). 
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Consequently for the last decade, private haulers and solid waste agencies have been challenged 
by the need to reduce costs while increasing efficiency, reducing emissions to the atmosphere, 
and simultaneously, transition to alternative fuel sources that ensure national energy security.   
Today, the US government is considering a cross-cutting strategy which modifies carbon 
pricing to reduce GHG emissions; this can be accomplished by adopting a carbon cap and trade 
system, or carbon tax system, or a higher motor fuels tax. This system provides an incentive for 
waste collection companies to consider alternative fuel technologies (US Department of 
Transportation, 2010). Hybrid electric vehicles are available and technological developments in 
energy storage, drive trains, and engine management will lead to their increased use. Compressed 
Natural Gas (CNG), Liquefied Natural Gas (LNG), and bio-fuel (bio-gas and bio-diesel) waste 
collection vehicles are becoming part of the US national fleet.  
2.2 Strategies to reduce GHG emission of Waste Collection Vehicles 
The primary greenhouse gases (GHG) produced by waste collection vehicles are CO2 (carbon 
dioxide), CH4 (methane), N2O (nitrous oxide), and HFC (hydrofluorocarbons). This study will 
focus on carbon dioxide, methane and nitrous oxide as the main GHGs emitted from waste 
collection vehicles. Waste collection operations primarily use heavy-duty diesel trucks which are 
highly regulated by the USEPA. In order for conventional diesel to meet the 2007 emission 
standards, manufacturers have had to install high-efficiency catalytic exhaust control devices that 
limit emission of particulates, NOx, and non-methane hydrocarbons. In addition, the use of low-
sulfur diesel fuel has further reduced emissions. These technologies reduce emissions to the 
atmosphere, but ironically add considerable weight and increase the cost and fuel demand of the 
collection vehicles.   
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 The current approaches have not substantially reduced emissions of GHG to the 
atmosphere, therefore, a study done by the US Department of Transportation (2010) 
recommended the following strategies to reduce GHG emissions from waste collection vehicles: 
a. Introducing low-carbon fuels (alternative fuels): petroleum-based fuel power feeds 
99% of waste collection vehicles. The introduction of low-carbon alternative fuels into 
the waste collection industry would generate fewer GHG emissions to the atmosphere. 
Examples of alternative fuels that could be adopted by waste collection vehicles include: 
compressed natural gas (CNG), liquefied natural gas (LNG), bio-fuel (bio-gas and bio-
diesel), hydrogen, and electricity.  
b. Increase waste collection vehicle efficiency: strategies for increasing waste collection 
efficiency include adopting advanced engine models, advanced transmission designs 
which will Operate In Gear At Idle (the OIGAI concept was developed with the intention 
to lower operating RPMs and therefore reduce operating noise and fuel usage), use of 
lighter-weight vehicle construction materials, use of Hydraulic Launch Assist (HLA). 
HLA is capable of capturing and storing energy during braking which can be used to 
initiate the next acceleration of the vehicle, improving the vehicle efficiency and reducing 
wear on brake pads at the same time.  
c. Improve the waste collection route: thorough planning of individual collection routes 
can minimize unnecessary mileage, thereby reducing fuel consumption and the associated 
GHG emissions caused by waste collection activities.  
In order to assess these strategies, fuel life-cycle analysis (LCA) facilitates evaluation of 
the impact of fuel technologies. A fuel LCA is used to evaluate the footprint of a fuel over all 
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stages of production and use; LCA can be performed for pollutants, GHG emissions, water 
impact, or cost. This study will focus on a GHG emission LCA for waste collection vehicles. The 
GHG emission LCA covers the fuel extraction “well” emissions, through production line 
“processing” emissions, transport of the fuel, and the final use of the fuel “burning” emissions 
(Ruether et al, 2005). 
Figure 2-1 illustrates the fuel life-cycle emissions. The first two stages are fuel feedstock 
and fuel distribution. Emissions from these two stages are together known as well-to-pump 
(WTP) emissions. The third, and the last stage of the fuel cycle generates vehicle operation 
emissions, herein referred to as pump-to-wheel (PTW) emissions. For any fuel life-cycle, the 
summation of the well-to-pump (WTP) emissions and pump-to-well (PTW) emission is referred 
to as well-to-wheel (WTW) emissions. Thus, the WTW emissions are equivalent to the total fuel 
life-cycle emissions.  
Figure 2-1: Fuel Life-cycle Emissions (Modified from Wang et al, 2007). 
The US Department of Energy (2010) explored alternative fuels life-cycle emissions for 
Light Duty Vehicles (LDV) per Vehicle Mile Travel (VMT) using the GHG, Regulated 
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Emissions, and Energy Use in Transportation (GREET) model. The results are shown in 
Figure2-2.  
Figure 2-2: Alternative Fuel Life-Cycle GHG Emissions for LDV. 
2.3 Waste Collection Vehicle Actual Driving Cycles 
 
The actual driving cycle of waste collection vehicles consists of repetitive stop and starts, 
especially during trash collection and landfill activities (Farzaneh et al., 2009). West Virginia 
University researchers analyzed the New York Garbage Truck Cycle (NYGTC) by recording the 
characteristics of their typical operation (Clark and Lyons, 1997). A speed versus time plot of the 
NYGTC is shown in Figure 2-3. The energy wasted by garbage trucks during repetitive idling 
and braking holds potential use. The NYGTC operational pattern highlights the opportunity for 
waste collection vehicles to operate under OIGAI, and at the same time, demonstrates potential 
for HLA in these vehicles.  
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Figure 2-3: Example of a refuse truck driving the 
New York Garbage Truck Cycle, speed versus time 
plot (Clark and Lyons, 1997). 
Moreover, Swedish researchers showed that while collecting waste from highly populated 
areas, collection vehicles spend 60% of their time at a standstill, half of which is spent 
compacting, while the rest is spent idling as waste collectors manually load waste containers 
(Renova, 2006). 
The collection vehicle engine is designed for running the vehicles at higher speed, the 
inefficient use of the engine at collection points has a harmful effect on the environment because 
this wasteful use of energy contributes to unnecessary emissions and noise levels (Renova, 
2006). Such operational patterns encourage the industry to reanalyze the consequences of the 
actual driving cycle of waste collection vehicles in order to optimize their operation. 
One study by Texas Transportation Institute (TTI) at Texas A&M University set a 
baseline for diesel refuse truck emissions under actual operation conditions (Farzaneh et al, 
2009). Two portable emissions measurement systems (PEMS) were used to measure gaseous 
emissions and particulate matter (PM) emissions from in-use refuse trucks. Four different 
operation modes for waste collection vehicles were investigated including (1) urban driving, (2) 
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trash collection, (3) freeway driving, and (4) landfill activities. Three different refuse truck 
models were tested. The results for three refuse trucks were averaged and summarized in Table 
2-1. The table indicates the percentage distance and time of the waste collection vehicle travel 
route, average speed, and emission rates for each operational mode.  
Table 2-1: Summary for the TTI Refuse Trucks Emissions Rates (Table was generated based on 
results by Farzaneh et al., 2009). 
Activity 
Distance 
(%) 
Time 
(%) 
Average Speed 
(mph) 
Fuel 
(mpg) 
CO2 
(kg/mi) 
CO 
(g/mi) 
NOx 
(g/mi) 
THC 
(g/mi) 
PM 
(g/mi) 
Urban 
Driving 
11 6 25.3 4.17 2.53 4.61 11.44 0.36 0.32 
Trash 
Collection 
12 64 17.5 0.69 15.52 24.66 135.69 2.03 1.94 
Freeway 
Driving 
71 17 54.6 4.47 2.29 2.32 11.59 0.16 0.20 
Landfill 
Activities 
6 13 7.2 1.80 5.73 10.26 37.11 0.70 0.61 
 
The literature is missing a comprehensive study that evaluates the life-cycle emissions for 
waste collection vehicles using alternative fuel technologies. Such an analysis will be helpful to 
explore the environmental impact associated with these alternative technologies. Additionally, 
most the US collection fleet is composed of diesel-fueled vehicles. As these vehicles operate, 
they emit various pollutants. In this thesis, emission factors (EF) will be estimated for waste 
collection vehicles under constant and variable operating conditions. Finally, MSW collection 
agencies are exploring different fuel alternatives in an attempt to reduce emissions to the 
atmosphere, reduce cost, and at the same time increase collection efficiency. The use of any fuel 
by the waste collection industry is accompanied by consideration of many factors, such as 
environmental, security, financial, operational, and safety issues. This thesis will assess these 
factors with respect to different fuel alternatives.  
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CHAPTER 3: ALTERNATIVE FUELS LIFE-CYCLE EMISSIONS 
3.1 Introduction 
 
One of the major goals of this study is to provide life-cycle GHG emissions for alternative fuel 
technologies used by waste collection vehicles. A full analysis of WTW emissions will be 
performed to compare alternative fuel technologies. Such a comparison will be helpful to assess 
the overall environmental impact of these fuel technologies. Furthermore, this study will predict 
the travel cost related to different fuel technologies. This chapter will come to an end by 
providing recommendations for the best fuel alternative based on the fuel LCA and cost models. 
3.2 Methodology 
 
In this study, a quantitative comparison between alternative fuel technologies used by waste 
collection vehicles was performed. In this comparison, an evaluation of alternative fuel life-
cycles was carried out using the GREET Fleet Footprint Calculator to estimate the life-cycle 
emissions for alternative fuel technologies. This LCA of GHG emissions is reported as gram of 
CO2eq per collection vehicle mile traveled (CVMT) for each alternative fuel category. The 
estimated CO2eq is based on fuel life-cycle CO2, CH4 and N2O emissions. The GREET Fleet 
Footprint Calculator is a result of a cooperation between the Argonne National Laboratory and 
the Great Plains Institute (US Department of Energy, 2011). The model could be used either to 
calculate the petroleum and GHG footprint of a certain fleet or to compare GHG from on-road or 
off-road vehicles using alternative fuel technologies. The on-road vehicles include medium-duty 
vehicles (MDV), heavy-duty vehicles (HDV), Buses, Vans as well as specific category for waste 
haulers (US Department of Energy, 2011). Accordingly, waste collection vehicles were modeled 
as waste haulers, and were considered to be on-road mobile emission sources; subsequently, the 
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number of gallons (or cubic feet) of each fuel required to move the vehicle one mile (herein 
referred to as gallons per mile or gpm), was used as input for the GREET Calculator.  
Practically, it was impossible to obtain the fuel consumption data for all fuel alternatives 
considered, as most of these alternative fuels are still in the research and development phase and 
are not yet available for assessment in the market. However, the gpm for diesel, CNG, LNG and 
hybrid waste collection vehicles were obtained from the technical literature. These values were 
used for model validation as described below.  
3.3 Analysis Approach 
 
In order to assess various fuel technologies, it was assumed that for a waste collection vehicle to 
move one mile, the same amount of energy is required regardless of the fuel type. This 
assumption was based on the physics work equation: 
                               
Where: 
Work (KJ)   = Energy required to move an object a certain distance in the same 
direction as the force. 
Force (KN)       = Force required to move an object a certain distance. 
Distance (m)     = Distance moved in the direction of the force. 
In the analysis, all alternative fuel waste collection vehicles were assumed to have the 
same weight. This assumption implies that they will have the same friction while traveling at the 
same speed on similar roads. Consequently, a waste collection truck using any fuel requires the 
same amount of energy for one mile traveled. Diesel-fueled refuse trucks are the baseline for this 
model. From the literature, diesel-fueled waste collection vehicles travel an average of 2.8 miles 
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per gallon of diesel (Cannon, 2003).  According to the GREET Model, one gallon of diesel 
contains 129,488 Btu. Therefore, in order to move a diesel truck a distance of one mile, it 
requires: 
                                
           
   
 
   
       
         
   
    
 
Based on the model, the same amount of energy must be provided by any fuel type to 
move the waste vehicle. In order to account for different fuel efficiencies inherent to each fuel, 
the calculated energy requirement should be adjusted by an efficiency factor. Again, energy 
efficiencies associated with different fuel types were unavailable from the literature, therefore, 
the USEPA fuel economy guide for the year 2011 was used to compare fuel efficiencies for LDV 
which was then applied to waste collection vehicles. In this comparison, similar LDV (VW-Jetta, 
Honda Civic and Buick Regal) running on alternative fuels were assumed to have the same 
weight. Consequently, the equivalent energy conversion factors were calculated and applied to 
collection vehicles assuming similarity between LDV engines and collection vehicles engines 
running on the same fuel technology. First, the GREET data were used to compare the VW-
Jettas running on diesel or gasoline. The two cars specifications are listed in Table 3-1 (Refer to 
Appendix C for sample Calculation). 
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Table 3-1: VW-Jetta Specification for Diesel and Gasoline Models. 
Car 
Type 
Fuel 
Type 
Trans Type/ 
Speeds 
Engine 
Size/Cylinders 
MPG 
(City/Highway) 
Combined 
MPG 
Fuel LHV1 
(Btu/gal) 
Energy2 
Btu/mile 
VW-
Jetta 
Diesel A-S6 2.0/4 30/42 39  129,488  3.32E+03 
VW-
Jetta 
Gasoline A-S6 2.0/4 23/29 27  116,090  4.30E+03 
1GREET Fleet Footprint Calculator, 2007 
2Energy Required (Btu/mile) =Fuel LHV (Btu/gal)/Combined (mpg) 
  
Second, the GREET data was used to compare the Honda Civic while running on three 
different fuels, gasoline, CNG, and hybrid power. Additionally, the Honda FCX Clarity utilizes 
hydrogen fuel power which provides opportunity for additional useful comparison. Table 3-2 
lists all the Honda models running on alternative fuel technologies (Refer to Appendix C for 
sample Calculation). 
Table 3-2: Honda Specifications for Different Fuel Options. 
Car Type 
Fuel 
Type 
Trans Type/ 
Speeds 
Engine 
Size/Cylinders 
MPG 
(City/Highway) 
Combined 
MPG 
Fuel LHV1  
(Btu/gal) 
Energy2 
Btu/mile 
Honda 
Civic 
Gasoline A-5 1.8/4 23.5/32 28.5 116,090 4.07E+03 
Honda 
Civic 
CNG A-5 1.8/4 24.3/34.23 31.13 116,090 3.73E+03 
Honda 
Civic 
Hybrid AV 1.3/4 40/433 42.13 116,090 2.76E+03 
Honda 
FCX 
Clarity 
Hydrogen 
Fuel 
DC Brushless 
100 KW 
288V Li-Ion 60/603 603 116,090 1.93E+03 
1GREET Fleet Footprint Calculator, 2007 
2Energy Required (Btu/mile) =Fuel LHV (Btu/gal)/Combined (mpg) 
3MPG Equivalent.  
  
Finally, the GREET data were used to compare the Buick Regal car when running on 
gasoline and Ethanol 85 (E85). The specifications for the two models are listed in Table 3-3 
(Refer to Appendix C for sample Calculation). 
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Table 3-3: Regal Specifications for Different Fuel Options. 
Car 
Type 
Fuel 
Type 
Trans Type/ 
Speeds 
Engine 
Size/Cylinders 
MPG 
(City/Highway) 
Combined 
MPG 
Fuel LHV1 
(Btu/gal) 
Energy2 
Btu/mile 
Regal E85 A-S6 2.0/4 13/21 18.6     82,294  4.42E+03 
Regal Gasoline A-S6 2.0/4 18/28 25   116,090  4.64E+03 
1GREET Fleet Footprint Calculator, 2007 
2Energy Required (Btu/mile) =Fuel LHV (Btu/gal)/Combined (mpg) 
 
Based on these calculations for the VW-Jetta, the energy required by the gasoline model 
was higher than the diesel model for one mile travel. For the Honda Civic models, the energy 
required for a mile travel was the highest for gasoline, followed by CNG, hybrid, and hydrogen 
fuels respectively. However, the required energy for the Buick Regal per one mile travel was 
slightly higher for the gasoline compared with the Ethanol 85 (E85) model. 
In this analysis, the diesel-fueled waste collection vehicle was used as a baseline. In order 
to account for different fuel efficiencies inherent to each fuel, car model comparisons were used 
to find the energy conversion factor for each fuel type. Table 3-4 illustrates the equivalent energy 
conversion factors for these fuel categories (Refer to Appendix C for sample Calculation). 
Table 3-4: Equivalent Energy Conversion Factors for Different Alternative Fuel Categories.  
Fuel Categories Applied Car Model Equivalent Energy Conversion Factor 
Diesel to Gasoline VW-Jetta 1.291 
Gasoline to CNG Honda Civic 0.92 
Gasoline to Hybrid Honda Civic 0.68 
Gasoline to Hydrogen Fuel Honda Civic 0.48 
Gasoline to E85 Regal 0.95 
1Energy required by the Diesel VW-Jetta model vs. the Gasoline VW-Jetta model. 
  
Based on these equivalent energy conversion factors, the adjusted energy required by a 
waste collection vehicle to travel one mile was evaluated for each fuel type. Likewise, the 
average mpg (or per ft³) and mile per diesel equivalent gallon (mpDEG) were calculated for each 
fuel category as shown in Table 3-5 (Refer to Appendix C for sample Calculation). 
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Table 3-5: Estimated Average Alternative Fuels mpg and mpDEG. 
Fuel 
LHV 
(Btu/gal) 
HHV 
(Btu/gal) 
Density 
(gram/gal) 
LHV4 
(Btu/gram) 
Carbon 
content 
(% by 
wt) 
Sulfur 
content 
(ppm by 
wt) 
Energy 
Required 
by waste 
Collection 
Vehicle 
(Btu/mile) 
Average 
Mile per 
Gallon 
or ft³ 
Calculated 
Average  
(mpDEG) 
Conv. Gasoline 116,090 124,340 2,819 41 86.30% 26 5.69E+04 2.041 2.282 
Diesel 129,488 138,490 3,206 40 87.10% 11 4.62E+04 2.8 2.8 
Natural Gas (per 
ft3) 
983 1,089 22 45 72.40% 6 5.23E+04 0.02 2.47 
Gaseous Hydrogen 
(per ft3) 
290 343 3 97 0.00% 0 2.67E+04 0.01 4.84 
Hybrid 129,488 138,490 3,206 40 87.10% 11 3.87E+04 3.35 3.35 
E853 82,294 90,502 2,963 28 57.30% 4 5.40E+04 1.52 2.4 
1Energy Required by Garbage Truck/ Gasoline LHV 
2Energy Required by Garbage Truck/ Diesel LHV 
3Made up of 85% Ethanol and 15% Gasoline 
4LHV(BTU/gal)/ Density(gram/gal) 
 
In order to validate the modeling assumptions, the estimated mpDEG for gasoline, CNG, 
and hybrid waste collection vehicles were compared to field measurements. These values are 
tabulated in Table 3-6. This comparison demonstrates the validity of the fuel comparison model 
described above.  
Table 3-6: Comparison between Our Model mpDEG and Field Measured Records. 
Fuel 
Calculated 
Average  
(mpDEG) 
Field Measured 
(mpDEG) 
Source 
Conv. Gasoline 2.28 2.5 (US Department of Energy, 2011) 
Natural Gas (per ft
3
) 2.47 2.51 (Johnson, 2010) 
Hybrid 3.35 4 
According to the EPA, the use of the HLA 
system for hybrid refuse trucks has a 
potential fuel savings of up to 30%. 
Therefore, if a diesel-fueled refuse trucks 
truck travels 2.8mpg, a hybrid refuse truck 
would travel 4mpg (Hall, 2011). 
 
 
There are three other alternative fuels that could not be evaluated by the same approach, 
LNG, LPG and Biodiesel. First, LNG has not been considered by car manufacturers as an 
22 
 
alternative fuel option, and therefore it has not been compared in matched car models. However, 
it is a valid option for waste collection vehicles based on their relatively high fuel requirement. 
Waste collection vehicles using LNG travel an average of 2.14 mpDEG as measured by field 
tests (Chandler et al., 2001). The other two fuels, LPG and Biodiesel, are assumed to have the 
same energy required per mile travel as E85 and Diesel, respectively. This assumption is based 
on similar chemical properties between diesel and biodiesel. However for LPG and E85, the 
assumption is based on similar energy content per gallon of fuel. The estimated average mpg and 
mpDEG for LNG, LPG and biodiesel are tabulated in Table 3-7 (Refer to Appendix C for sample 
Calculation). 
Table 3-7: Estimated mpg and mpDEG for Biodiesel, LPG, and LNG. 
Fuel 
LHV 
(Btu/gal) 
HHV 
(Btu/gal) 
Density 
(gram/gal) 
LHV2 
(Btu/gram) 
Carbon 
content 
(% by 
wt) 
Sulfur 
content 
(ppm 
by wt) 
Energy 
Needed by 
Waste 
Collection 
Vehicle 
(Btu/mile) 
Mile per 
Gallon 
or ft³  
Calculated 
(mpDEG) 
Biodiesel   119,550    127,960       3,361  36 77.6%      0 4.62E+04 2.59 2.80 
LPG   84,950      91,410       1,923  44 82.0% 0 5.40E+04 1.57 2.40 
LNG   74,720     84,820       1,621  46 75.0%      0 6.05E+04 1.23 2.141 
1
 Chandler et al., 2001 
2LHV(BTU/gal)/ Density(gram/gal) 
3.4 Results 
In this thesis, the estimated fuel consumption was used to generate two useful outputs for the 
waste collection industry: first, the life-cycle emissions were estimated as CO2eq per Collection 
Vehicle Mile Travel (CVMT) for each fuel category. Second, using the estimated mpg together 
with the US Department of Energy projections for fuel prices, the fuel cost per CVMT was 
estimated for each fuel category over the next two decades.  
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3.4.1 CO2eq Emissions per Collection Vehicle Mile Travel 
In order to calculate CO2eq emissions, estimated volume (gallon or ft
3
) for each fuel category was 
used as an input to the GREET Fleet Footprint Calculator. The fuel consumption was estimated 
for one mile travel so that the model calculates the total CO2eq emissions per CVMT on a WTW 
basis for each fuel category. Figure 3-1 illustrates the fuel life-cycle emissions for alternative 
fuels based on the fuel source (Refer to Table B-1 in Appendix B). 
 
Figure 3-1: Fuel Life-Cycle Emissions. 
 
 
 
 
 
 
H 2
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3.4.2 Fuel Cost per Collection Vehicle Mile Travel  
Closely tied to the environmental concerns, fuel cost and price stability are considered to be 
significant in selecting an alternative fuel. In order to compare these factors, the estimated 
average volume (gallon or ft
3
) per CVMT was used together with the US Department of Energy 
Reference Case Scenario for fuel prices to predict the cost trend for garbage truck travel for the 
next 25 years. The Reference Case scenario assumed a baseline economic growth of 2.7% per 
year from 2009 through 2035, taking into account the global oil price (EIA, 2011). The prices 
were estimated to include Federal and State taxes while excluding county and local taxes (EIA, 
2011). The US Department of Energy predicted cost for CNG (US dollars per Btu) was used to 
estimate the travel cost for LNG vehicles based on energy requirement for these vehicles. The 
results are illustrated in Figure 3-2 (Refer to Table B-2 in Appendix B).  
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Figure 3-2: Cost Trend for Waste Collection Vehicle Travel (EIA Ref. Case Scenario, 2011). 
3.5 Findings and Recommendations 
Based on the analysis, liquid-petroleum fuels have higher life-cycle emissions compared to 
natural gas (CNG and LNG). However, LNG must be kept cold to remain liquid; this is the main 
reason for higher life-cycle emissions compared to CNG. LandFill Gas (LFG) is considered to be 
an even better alternative for waste collection vehicles, the fact that LFG is a biogenic gas 
(Britannica, 2011) reduces the total life-cycle emission by around 90% compared to other 
petroleum based fuels. LFG has the lowest life-cycle emissions compared to all fuel alternatives.  
Biodiesel and ethanol are biogenic alternatives for gasoline and diesel, respectively. 
These two energy sources are considered to be sustainable sources of energy. Ethanol has a 
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lower energy content which makes it unsuitable for waste collection vehicles (GREET, 2011). 
However, biodiesel is considered to be a sustainable, clean future fuel for waste collection 
vehicles. The use of a hybrid waste collection vehicle has a possible 30% reduction of life-cycle 
emissions (Hall, 2011).  Currently, there is no commercially available fully-hydrogen fueled 
waste collection vehicle. However, the analysis indicates a potential reduction of more than 40% 
in the total life-cycle emissions if hydrogen was used as a fuel for waste collection vehicles.    
As seen in Figure 3-2, CNG has the lowest fuel cost per CVMT compared to all the other 
fuel categories while LNG has the second lowest fuel cost. The price is considered to be 
relatively constant over the next three decades compared to all other categories which gives CNG 
a priority as an alternative fuel option over other fuel categories. In order to use LFG for waste 
collection vehicles it should be converted to a high Btu gas (the quality of pipeline natural gas) 
(Messics, 2001). The pipeline natural gas is then converted to CNG or LNG at the filling station. 
The final cost of processing LFG to high Btu gas ranges between $5 and 8 per MBtu depending 
on the season and the weather (Hesson, 2008). This makes LFG less expensive than natural gas 
which has a price range $11.97-17.20 per MBtu in the next three decades.  
The fuel cost associated with LPG, E85 and ethanol fuels is considered relatively high 
compared to other fuel alternatives. This observation can be linked to the low energy content of 
these fuel alternatives. 
Hybrid waste collection vehicles have a potential fuel savings of 30% compared to the 
regular diesel-fueled waste collection vehicles, however, this study did not consider the 
additional cost of the battery surcharge.  
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CHAPTER 4: OPERATING CONDITIONS FOR 
DIESEL-FUELED COLLECTION VEHICLES 
4.1 Introduction 
Approximately 91% of the US collection fleet uses diesel as its power source. As diesel-fueled 
vehicles operate, they releases carbon dioxide (CO2), carbon monoxide (CO), water vapor (H2O), 
oxides of nitrogen (NOx), hydrocarbons (HC), and particulate matter (PM) as combustion by-
products. MOtor Vehicle Emission Simulator (MOVES) software was developed by the USEPA 
to model on-road mobile pollution sources (USEPA, 2011). In this thesis, MOVES was used to 
estimate emissions and energy consumption by diesel-fueled waste collection vehicles under 
both constant and actual operating conditions. The amount of pollutant emitted by a waste 
collection vehicle is represented by its emission factor (EF) in units of g per Collection Vehicle 
Mile Travel (CVMT). These EFs occur during two operational modes; cold start and running 
exhaust emissions. Cold start occurs within the first few minutes of starting the vehicle; it is 
accompanied by higher levels of emissions as the engine is not running under its optimum operating 
temperature (Blaikley et al., 2001). Running exhaust emissions are pollutants generated by normal 
driving and idling, once the engine reaches its optimum operating temperature. The EFs calculated 
by MOVES account for both cold start and running exhaust emissions.  
4.2 Methodology and Assumptions 
MOVES can be used to determine specific emission profiles for various modeled scenarios 
(USEPA, 2010). In order to run MOVES, the user prepares a Run Specification (RunSpec) to 
define the place, time, vehicle, road, fuel, emission producing process, and pollutant parameters 
(USEPA, 2010).  MOVES can be used either to calculate the quantity of emissions and/or energy 
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generated within a region and time span using the inventory approach, or to calculate the EFs 
using the emission rates approach (USEPA, 2010).  
In this analysis, the inventory approach was used to model waste collection vehicles at 
the county level; a US county will be selected to run the inventory. Diesel-fueled waste 
collection vehicles were modeled under either constant or variable speed scenarios. In the 
constant speed scenario, an inventory was prepared for one waste collection vehicle traveling one 
mile on an urban unrestricted road. In the variable speed scenario, the MOVES Link Average 
Speed Importer was used to define the precise speed and grade as a function of time (seconds) on 
an urban unrestricted road (USEPA, 2010). 
In this thesis, MOVES was used to estimate the effect of operating conditions, such as 
speed and road grade, on diesel-fueled waste collection vehicle energy consumption and 
emissions. The New York Garbage Truck Cycle (NYGTC) data were used as representative of a 
typical waste collection vehicle driving cycle. In the NYGTC analysis, three different approaches 
for emissions estimates were used, in (1) the NYGT data were split into driving time and idling 
time, (2) the NYGTC data were analyzed using the MOVES Link Driver Schedule, and in (3) the 
NYGTC data were averaged and a constant speed was assumed.  
To perform a comparison between the EFs of waste collection vehicles under different 
operating condition, EFs were calculated for all scenarios based on the following assumptions, 
unless otherwise noted:   
a. All modeled waste collection vehicles were diesel-fueled, 
b. Collection vehicles operated in Orange County, Florida, USA, 
c. The model year was 2011, 
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d. The national age distribution applied to waste collection vehicles was used, 
e. The garbage trucks travelled on urban unrestricted roads,  
f. Collection runs lasted one hour, 6am to 7am, on weekdays, and  
g. The collection occurred under August temperatures   
Accordingly, MOVES estimated energy consumption as KJ per CVMT, and EFs for 
CO2eq, CO, and NOx emissions as g per CVMT for all scenarios. 
4.3 Results 
4.3.1 Sensitivity Analysis for Speed and Road Grade    
In this section, the effect of speed and road grade on the waste collection vehicle energy consumption 
and emissions was evaluated. EFs of study pollutants were estimated for waste collection vehicles 
operating at constant speeds on level grade. Figure 4-1 illustrates energy consumption and EF for this 
analysis (Refer to Table B-3 in Appendix B).  
 
Figure 4-1: Waste Collection Vehicle EFs vs. Constant Average Speed. 
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As the average speed increases, the energy consumption and EF per CVMT decreases. 
However, waste collection vehicles usually travel at relatively low average speeds while 
collecting waste, i.e. below 10 mph. This travel scenario will be explored in detail in the next 
section. 
EFs and total energy consumption were also estimated for a waste collection vehicle 
traveling at a constant speed of 25 mph as a function of road grade. The results are illustrated in 
Figure 4-2 (Refer to Table B-4 in Appendix B). 
 
 
Figure 4-2: Waste Collection Vehicle EFs vs. Road Grade. 
 
4.3.2 NEW YORK Garbage Truck Cycle (NYGTC) Data Analysis 
 
In this analysis, the NYGTC data, illustrated in Figure 3-2, were used a representation of a typical 
waste collection driving cycle. Three different approaches were used in analyzing the NYGTC. In 
Approach 1, the overall NYGT EFs were estimated separates for idling times and traveling times.  
Any travel at nonconstant speed was assigned idling EFs. For constant travel speeds, MOVES 
(%) (%) 
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estimated EFs are listed in Table 4-1. These EFs were used to calculate the weighted average 
NYGT EFs as shown in Table 4-1, assuming total travel of 0.40 mile.  
Table 4-1: NYGT EFs Using Approach 1. 
1
Calculated based on 0.1 miles, 0.07 miles, 0.05 miles, and 527 Seconds for 20 mph speed, 12.6 mph, 5.3 mph, and     
total idling time, respectively.  
2
calculated by dividing the total emission for 600 seconds travel by 0.4016 mile (total distance travelled).  
 
In Approach 2, the speed of the NYGTC at different times was used as input to the 
MOVES Link Driver Schedule. MOVES converts this schedule into different operating modes, 
however, unlike Approach 1, this technique takes into account acceleration and deceleration EFs, 
rather than assigning idling EFs. These EFs are provided in Table 4-2. 
Table 4-2: NYGT EFs Using Approach 2. 
Pollutant Name Emissions for the NY Driving Cycle Overall EFs (g/mile)
1 
Carbon Monoxide 15.6 39 
Oxides of Nitrogen 48.7 121 
Carbon Dioxide 5,180 12,900 
Total Energy Consumption 70,700 176,000 
CO2 Equivalent 5,180 12,900 
1
It is calculated by dividing the total emission for 600 seconds travel by 0.4016 mile (distance traveled). 
 
Finally, in Approach 3, EFs were estimated for collection vehicles traveling at NYGT 
average speed of 2.4 mph (600sec for 0.40 miles).  Table 4-3 tabulates MOVES estimates for a waste 
collection vehicle traveling at constant 2.4 mph speed. 
Pollutant EF at 5.3mph 
Speed (g/mile) 
EF at 
12.6mph 
Speed 
(g/mile) 
EF at 20 
mph Speed 
(g/mile) 
Idling EF 
(g/hr) 
Total 
Emission/Energy 
in 600sec cycle
1
 
Weighted 
Average 
EF
2
 (g/mile) 
Carbon Monoxide 11.0 7.35 5.46 26.2 5.48 14 
Oxides of Nitrogen 32.0 20.8 17.8 86.8 17.6 44 
Carbon Dioxide 3,500 2,440 2,080 7,930 1,720 4,290 
Total Energy 
Consumption 
47,800 33,300 28,300 108,000 23,500 58,500 
CO2 Equivalent 3,500 2,440 2,080 7,930 1,720 4,300 
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Table 4-3: NYGT EFs Using Approach Number Three. 
Pollutant Name EFs for Constant Average Speed of 2.4 mph 
Carbon Monoxide 18.9 
Oxides of Nitrogen 59.1 
Carbon Dioxide 6,070 
Total Energy Consumption 82,800 
CO2 Equivalent 6,070 
 
4.3 Findings 
A quantitative comparison between the EFs for the NYGT using the three different approaches is 
shown in Figures 4-3 and 4-4.  
 
Figure 4-3: Comparison of Waste Collection Vehicle EFs Assuming Typical Waste Collection 
Cycle. 
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Figure 4-4: Comparison of Waste Collection Vehicle EFs and Energy Consumption Assuming 
Typical Waste Collection Cycle. 
The actual driving cycle of waste collection vehicles consists of repetitive stops and starts 
during waste collection, which generates more emissions than constant speed driving. This 
driving pattern should be considered in calculating the EFs of these vehicles. MOVES generates 
less conservative estimates of the collection vehicles EFs using the “Link Driver Schedule” 
approach compared to other estimation techniques. 
The New York study tested diesel-fueled collection vehicles for NOx emissions. 
Emissions were measured while collection vehicles operate under the typical New York Garbage 
Truck Cycle (NYGTC), (Clark and Lyons, 1997). These emissions are tabulated in Table 4-4.  
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Table 4-4: Actual Field NOx EFs for diesel-fueled waste collection vehicles, measured using 
NYGTC during 1996 and 1997 (Clark and Lyons, 1997). 
Vehicle Type 
Test year (1996), 
NOx, g/mile 
Test year (1997), 
NOx, g/mile 
Average NOx EFs, 
g/mile 
Diesel 93.9 --- 93.9 
Diesel 100.7 --- 110.7 
Diesel 90.2 --- 90.2 
Diesel 94.3 --- 94.3 
Diesel 141.3 ---- 141.3 
Diesel --- 120.3 120.3 
Diesel 111.1  111.1 
Diesel 116 --- 116 
Diesel 119.6 --- 119.6 
Diesel 122.4 ---- 122.4 
Average EF (g/mile) 112 
 
From Table 4-4, it was noted that the average actual NOx emissions (112g/mile) were 
higher than MOVES estimates (87g/mile) by using the “Link Driver Schedule” approach for the 
same driving cycle.  
Also by comparing MOVES estimates with field measurements collected by Texas 
Transport Institute (TTI) for waste collection vehicles during waste collection (Farzaneh et al., 
2009), it was noted that the Texas State waste collection Vehicle have higher emissions for 
almost all the pollutants compared to MOVES estimates. These EFs are summarized in Table 4-
5.  
Table 4-5: Average EF’s for the TTI Waste Collection Vehicles During Trash Collection (Table 
was generated based on results by Farzaneh et al., 2009). 
Activity Average Speed (mph) Fuel (mpg) CO2 (kg/mi) CO (g/mi) NOx (g/mi) THC (g/mi) PM (g/mi) 
Trash Collection 17.5 0.69 15.52 24.66 135.69 2.03 1.94 
 
The TTI waste collection vehicle average speed was 17.5 mph compared to NGTC, 2.4 
mph average speed. In Section 4.3.1, the analysis for speed made clear that increasing the 
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average speed travel reduced the EFs. However, the TTI EFs were higher than the NYGTC EFs. 
These results may suggest that MOVES underestimates waste collection EFs. However a 
sensitivity analysis should be conducted for the effect of waste collection vehicles operating at 
different locations, time of the year, road types, and the age of waste collection vehicles.  
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CHAPTER 5: ALTERNATIVE FUELS COMPARISON 
5.1 Introduction 
The recent increase in fuel costs and waste generation rates have tested solid waste collection 
management, whose financial goal is to ensure sound bottom lines. The waste collection industry 
is driven by the need to reduce costs and emissions while increasing operating efficiency. These 
challenges encourage the collection industry to explore alternative fuel technologies; however, 
investing in alternative fuel technologies is still novel for much of the collection industry. 
Moreover, the field is lacking a comprehensive study that accounts for the different factors 
affecting fuel selection.  
5.2 Methodology  
The selection of fuel type by the waste collection industry requires consideration of 
environmental, security, financial, operational, and safety issues. Previously the GHG emissions 
and cost issues were explored for fuel alternatives, this chapter will assess less quantitative 
factors with respect to fuel technologies. These issues will be analyzed and described, and the 
significance of these factors in the selection process will be evaluated by a survey of randomly 
sampled waste industry professionals. A multifactorial assessment will be provided for fuel 
technologies taking into account the collection industry opinions regarding each factor.  
5.3 Alternative Fuels 
Figure 5-1 divides majors selection criteria into subcomponent factors. In this section, a 
comprehensive discussion of these factors will be presented based on the technical literature and 
on new findings from this study.  
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Figure 5-1: Breakdown of Issues Related to Fuel Selection Criteria. 
 
5.3.1 Environmental Issues 
Fuel Life-cycle Emissions. In Chapter 3, life-cycle emissions were evaluated for alternative fuel 
technologies. Table 5-1 lists the GHG life-cycle emissions for each fuel category relative to 
gasoline.  
 
 
 
 
 
 
 
 
 
 
 
 
Fuel Selection 
Criteria  
Environmental 
Issues 
Air Pollution & 
Toxins Emitted  
Life-cycle 
Emissions 
Impact on Water 
Resources 
Security Issues 
American Fuel 
Renewable Fuel 
Community 
Acceptance 
Operational 
Issues 
Vehicle Weight 
Operational 
Range 
Financial Issues 
Capital Cost 
Ruuning Cost 
Infrastructure 
Cost 
Safety Issues 
Vehicle Noise 
Occupational 
Safety 
Fuel Hazards 
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Table 5-1: GHG Life-cycle Emissions Relative to Gasoline.  
Fuel Category  GHG Emissions Relative to Gasoline (%) 
Gasoline 100 
Diesel  84 
Biodiesel (B100)  20 
Biodiesel (B20)  76 
Compressed Natural Gas (North America Source) 75 
Compressed Natural Gas (Non-North America Source) 85 
Compressed Natural Gas (Landfill Gas Source) 2 
Liquefied Natural Gas (North America Source) 88 
Liquefied Natural Gas (Non-North America Source) 91 
Liquefied Natural Gas (Landfill Gas Source) 4 
Liquefied Petroleum Gas  83 
Hybrid 71 
Gaseous Hydrogen (Refueling Station on-site) 58 
Ethanol (E85) 79 
 
All biogenic fuels (LFG, biodiesel and ethanol (E85)) have lower GHG life-cycle 
emissions compared to fossil derived fuel categories. Biodiesel and ethanol are considered to be 
sustainable biogenic alternatives for gasoline and diesel, respectively. Ethanol was found to have 
too low an energy content for waste collection vehicles.  
 Air pollution and Toxics Emitted by Fuel. The tail-pipe emissions of waste collection vehicles 
include emissions of several pollutants  
in addition to GHGs. The use of alternative fuel technologies usually provides relative reduction 
for these emissions as well as GHG. Analysis of these emissions reduction is beyond the scope 
of this thesis. However, according to Natural Gas Vehicles for America (NGVA), switching a 
diesel-fueled waste collection vehicle to a new natural gas vehicle reduces tail-pipe emissions as 
follows: 
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 Carbon Monoxide by 70-90%. 
 Non-methane Organic Gas by 50-75% 
 Nitrogen Oxides by 75-95%. 
 Carbon Dioxide by 20-30% 
According to the EPA, The use of the HLA system for hybrid waste collection vehicles 
has a potential fuel savings up to 30%. This reduces the carbon dioxide emissions of a refuse 
truck by 40%. Moreover, the use of HLA system reduces the brake wear because the technology 
uses hydraulic breaking system (Hall, 2010).  
Currently, there is no commercially available hydrogen-fueled (fuel cell) waste collection 
vehicle.  However, in 2010, Heliocentris and FAUN have developed a German prototype waste 
collection vehicle that has an onboard fuel cell (Gosztonyi, 2010). The waste collection vehicle 
runs on hydrogen, diesel or a backup hybrid battery. The onboard fuel cell allows the main diesel 
engine to switch off during collection. This approach saves up to 3 liters of diesel an hour, 
reducing the total fuel consumption by 30%, as well as reducing CO2, NOx and PM emissions 
(Gosztonyi, 2010). E85 has fewer evaporation emissions as well as CO and CO2 emissions, 
however NOx emissions are almost the same as liquid-petroleum based fuels (JCB, 2009). 
Impact on Water Resources: the water footprint associated with fuel production is listed in 
Table 5-2. According to the US Department of Energy, ethanol production is considered to have 
the highest water footprint of fuel sources (Cizek, 2010), while natural gas was found to have the 
lowest water footprint.  In general, oil refining has an average to moderate impact on water 
resources. 
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Table 5-2: Water Consumption for Fuel Production (Cizek, 2010). 
Fuel Type Water Consumption (gal/ MMBTU) 
Oil Refining 7-20 
Natural Gas Extraction/ Processing 2-3 
Grain Ethanol Processing 12-160 
Corn Irrigation for Ethanol 2500-31600 
Oil Sands 20-50 
 
 
5.3.2 Security Issues 
American Fuel. Diesel and gasoline waste collection vehicles rely on imported oil. This reliance 
creates national energy security risks by increasing national dependence on foreign sources 
(Gordon and Burdelski, 2003). Figure 5-1 shows the distorted consumption and production 
pattern of petroleum in the US. The growing gap between fuel consumption and local production 
has an inverse effect on the national energy security risk. 
 
Figure 5-2: US Petroleum Consumption, 
Production, and Import Trends (US 
Energy Information Administration, 
2010). 
On the other hand, the US has enormous quantities of natural gas. According to 2010 
Annual Energy Outlook published by the Energy Information Administration (EIA), there are 
2,119 trillion ft
3
 of technically recoverable natural gas in the US (EIA, 2010). The US Potential 
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Gas Committee projected that these supplies would last 100 years based on an annual 
consumption rate of 22 trillion ft
3
 (NaturalGas.org, 2011).  
All biogenic fuels can be produced domestically, reducing US dependence on other 
countries. The main sources of hydrogen fuel are natural gas, coal, landfill gas and water 
(USEPA, 2011), all readily available in the US; consequently, the use of hydrogen fuel reduces 
US energy security risk but at the present available technology, it takes more energy to produce 
hydrogen than the hydrogen has in it. 
Fuel World Supply. The world liquid-petroleum supplies are correlated to the consumption rate. 
Before the word economic crisis in 2008, BP estimated that the world supplies of recoverable oil 
will last 40 years (Howden, 2007). After 2008, the global supplies of oil are estimated to last 
longer due to lower demand.  
The oil used today was discovered 40 years ago. However, there is a growing gap 
between discoveries and oil production rate (ASPO, 2004).This scenario indicates that the global 
supplies of oil will not last that long and the remaining oil will not be as cheap as today’s supply. 
All biogenic fuels are considered to be renewable, sustainable sources of energy. Hydrogen fuel 
can be manufactured from water which is considered a renewable supply (USEPA, 2011), but at 
the present available technology, it takes more energy to produce hydrogen than the hydrogen 
has in it. 
Community Acceptance. In general, traditional fuels such as liquid-petroleum based are more 
accepted by consumers as fuel source. However, CNG and LNG are finding their way into the 
market. The use of fuel cell and hybrid technology is still considered risky by consumers 
(USEPA, 2011). 
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5.3.3 Operational Issues 
Vehicle Weight. The weight of CNG/LNG waste collection vehicle is only 500 lbs greater than a 
similar equipped diesel-fueled vehicle (Vocational Energy, 2010). Hybrid waste collection 
vehicles are also considered to be heavier than the diesel-fueled vehicles. This slight weight 
disadvantage limits the environmental benefits of hybrid waste collection vehicles (Waste 
Management World, 2010). 
Operational Range. For the same driving range as diesel, CNG waste collection vehicles 
require four times the tank space, while the LNG vehicles require twice the tanks space 
(Vocational Energy, 2010).   
 
5.3.4 Financial issues 
Fuel Cost and Price Stability. In chapter 3, it was clear that CNG waste collection vehicles 
have the lowest travel cost. The price is considered to be relatively constant over the next three 
decades compared to all other categories. Hybrid waste collection vehicles provide fuel savings 
of 30% (Hall, 2010) compared to diesel-fueled vehicles. Gasoline, LPG, and ethanol were 
considered to be non-cost effective fuels for waste collection vehicles; this is mainly because of 
the low energy content of these fuels. 
Vehicles Cost. The initial cost of CNG waste collection vehicle is $200,000 to $250,000; Diesel-
fueled collection vehicles are only 15-25% less (Inform, 2006). Hybrid waste collection vehicles 
cost about $100,000 more than the traditional diesel-fueled vehicles (Danna, 2011). However, 
the use of the HLA system by hybrid waste collection vehicles saves 30% on fuel consumption. 
Also, the hydraulic braking technology reduces the expensive brake replacement to less than 
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once per year (Hall, 2010). Diesel-fueled waste collection vehicles can operate at any biodiesel 
blend (B20 and B100) with few or no adjustments (JEB, 2008). 
Infrastructure Cost. The main disadvantage of CNG/LNG fueled waste collection vehicles is 
the infrastructure cost. A typical natural gas fueling station costs around $1.5 million (Vocational 
Energy, 2010). Other liquid alternative fuels could be made available at existing fuel station. 
However, hydrogen fuel requires new infrastructure for production, transport, and fueling 
stations (USEPA, 2011). 
 
5.3.5 Safety Issues 
Noise Levels. The use of diesel-fueled waste collection vehicles imposes potentially harmful 
noise levels on waste workers, and may be a considerable nuisance for residents. In this study, 
noise levels were measured for manual and automated diesel-fueled waste collection vehicles. 
Sources of noise coming from the collection vehicles included the diesel engine noise, hydraulic 
compactors and automated arms. A noise dosimeter was used to measure the noise level at 
different locations, behind and ahead the waste collection vehicle. Figure 5-3 illustrates the 
different locations dosimeters placement as function of distance from manual or automated waste 
collection vehicles. 
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Figure 5-3: Dosimeters locations with respect to waste collection vehicle. 
The measured noise levels associated with manual and automated waste collection 
vehicles were illustrates in Figure 5-4 (Refer to Table B-5 in Appendix B). Nearly all locations, 
the noise level associated with automated solid waste collection was lower than manual 
collection vehicles. The noise level recorded at position three represents solid waste collector 
daily working environment. The average daily collection route is eight hours. Thus, labors 
working with diesel-fueled manual and automated waste collection vehicles are subject to 89db 
and 85db respectively, which is considered to be on the limit of the maximum eight hour 
permissible noise exposures level. On the other hand, local residents were exposed by (77-84db) 
at 60 feet, and (70-72db) at 100 feet.  
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Figure 5-4: Noise Level Associated with 
Diesel-fueled Manual and Automated 
Waste Collection Vehicles. 
According to a study by the European NGVA, CNG and LNG waste collection vehicles 
were found to have lower noise levels than diesel-fueled waste collection vehicles (Manuel, 
2010). Figure 5-3 illustrates the average noise level associated with CNG and diesel waste 
collection vehicles. Hybrid truck manufacturers, Volvo and Autocar, claim that the use of hybrid 
waste collection vehicles reduces noise levels associated with waste collection, however there 
are no studies that support such claims.   
 
Figure 5-5: Comparison between CNG and Diesel Refuse Trucks Noise Levels (Modified From 
NGVA, 2010). 
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Occupational Safety. The improper use of energy sources such as gasoline, diesel, hydrogen 
and natural gas can be dangerous. According to Table 5-3, natural gas has higher ignition energy 
in comparison with gasoline and diesel. Moreover, natural gas and hydrogen are lighter than air 
which means they dissipate quickly when released accidentally. At standard atmospheric 
temperature, natural gas is only flammable when present at 5 to15% by volume in mixtures with 
air. The gas mixture does not ignite below or above this mixture (Murphy, 1994); however 
hydrogen gas is flammable over a wider range 4 to 75%. Hydrogen has a higher autoignition 
temperature compared to natural gas, gasoline and diesel, but its minimum ignition energy is the 
smallest among them (            Btu). Such an ignition energy is considered extremely low 
and even an invisible spark or static electricity discharge could cause ignition (College of the 
Desert, 2001). E85 is denser than air but ethanol vapor disperses quickly. E85 is seasonally 
adjusted; gasoline percentage is increased up to 30% in colder months. This changes the 
flammability limits and the autoignition temperature. In general at lower temperature, E85 is 
more flammable than gasoline; however at higher temperature E85 is less flammable due to the 
higher autoignition temperature (JEB, 2008). 
 
Table 5-3: Properties of Alternative Fuels (Murphy, 1994).  
Property Natural Gas
1 
Gasoline
1 Hydrogen
 
Diesel
1 
Flammability Limits (Volume % in air) 5-15 1.4-7.6 4-75
2
 0.6-5.5 
Autoignition Temperature (°F) 842 572 1085
2
  446 
Minimum Ignition Energy in Air (10
-6
 Btu) 0.27 0.23 0.019
2
 0.23 
Peak Flame Temperature (°F) 3423 3591 2930
3 
3729 
1
Source: Murphy, 2004 
2
Source: College of the Desert, 2001 
3
Source: Calvert, 2008 
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Fuel Toxicity. Liquid-petroleum fuels are considered to be toxic compounds to humans and 
wildlife. On the other hand, natural gas is considered to be non-toxic unless it displaces O2 and 
has no threat to water sources (Murphy, 1994). Hydrogen is not soluble in water and considered 
to be non-toxic unless it displaces O2 (College of the Desert, 2001). E85 will mix with water, 
however at high water concentrations, ethanol and gasoline will separate. E85 is less toxic than 
gasoline but still considered carcinogenic due to the presence of gasoline (JCB, 2008).  
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5.4 Alternative Fuel Survey 
A survey was used to evaluate the significance of the aforementioned criteria in the fuel 
selection. The survey is attached in Appendix C. The fuel survey was completed by 35 
professionals from the waste management industry. Respondents were asked to quantify the 
significance of each criteria on a scale of 0-10, where 10 is most significant. Table 5-4 tabulates 
descriptive statistics for the survey responses. The following criteria were found to have the 
highest arithmetic average (8.0-8.3) compared to the other criteria: air toxics emitted, capital 
cost, running cost, renewable source and American fuel. Also, the standard deviation for these 
criteria was lower than other categories.  
Table 5-4: Descriptive Statistics for the Survey Responses. 
Factors Mean 
Standard 
Deviation 
Minimum Median Maximum Range 
Air Toxics emitted 8.3 1.6 4 8 10 6 
Fuel Life-cycle 7.5 2.2 2 8 10 8 
Impact on Water 
Sources 
7.4 2.3 2 8 10 8 
American Fuel 8.2 1.9 5 9 10 5 
Global Supplies 8.0 1.7 5 8 10 5 
Renewable Supplies 8.2 1.8 3 8 10 7 
Community 
Acceptance 
6.9 2.5 1 8 10 9 
Capital Cost 8.2 1.7 2 8 10 8 
Running Cost 8.3 1.5 5 8 10 5 
Fuel Price Stability 7.8 2.0 3 8 10 7 
Fuel Infrastructure Cost 7.3 1.9 3 8 10 7 
Vehicle Weight 7.1 1.6 4 7 10 6 
Operational Range 6.8 1.5 4 7 9 5 
Vehicle Noise 6.7 1.9 3 7 10 7 
Occupational Safety 7.9 1.8 3 8 10 7 
Fuel Toxics 7.6 1.8 3 8 10 7 
49 
 
A boxplot diagram was used to represent the survey output in Figure 5-4. Almost all of 
the criteria were scored above 5. However, some criteria such as environmental (air toxics 
emitted), American fuel, and financial (capital and running cost) were significantly more 
important than other criteria such as operational and safety issues. 
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Figure 5-6: Boxplot for Fuel Selection Criteria Survey Responses.  
 Figure 5-7 illustrates the 95% confident interval for the factors arithmetic mean. The 
figure clarifies the initial findings that the aforementioned factors, air pollution emitted, 
American fuel, global supplies, renewable supplies, capital and running costs are more 
significance in the selection criteria compared to other factors. 
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Figure 5-7: 95% Confident Interval for the Selection Criteria Survey Responses. 
 
5.5 Multifactorial Assessment 
A multifactorial assessment was used to evaluate the fuel selection criteria. Based on thesis 
findings and the technical published literature, all environmental, financial, security, operational, 
and safety issues related to different fuels were scored from 0 to 10, where 10 represents the 
most positive impact of using the fuel. This analysis was represented by a heat map as shown in 
Figure 5-8. This heat map is a graphical representation which reflects better fuel performance by 
darker shades. 
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Figure 5-8: Heat Map for Fuel Selection Criteria. 
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In addition, the arithmetic mean for each survey response, was used to weight the the fuel 
selection criteria. In a similar approach, a heat map was used to represent weighted fuels 
selection criteria. 
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Figure 5-9: Heat Map for the Weighted Fuel Selection Criteria. 
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5.6 Future Fuel for Waste Collection vehicles 
Based on the weighted results, fuels can be compared by summing the total scores for each 
criteria. The higher the fuel score, the better the overall performance with respect to all the 
aforementioned criteria. According to this analysis, LFG has the best performance relative to 
other fuel categories. Figure 5-10 illustrates alternative fuel performance relative to LFG.  
 
Figure 5-10: Alternative Fuel Performance Relative to LFG. 
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In conclusion, CNG, LNG and LFG are the best available alternative fuels for waste 
collection vehicles. These alternatives have better environmental, economical, and energy 
security performance than current liquid-petroleum fuels.  
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CHAPTER 6: SUMMARY AND FUTURE WORK 
6.1 Summary 
 
In this thesis, a quantitative life-cycle analysis was developed for alternative fuels used by waste 
collection vehicles. The well-to-wheel (WTW) emissions were calculated for alternative fuel 
options, and total emissions were reported as g CO2eq per mile of travel for waste collection 
vehicle. Based on the analysis, biogenic fuels had the lowest life-cycle emissions compared to 
other fuels.  
Additionally, emissions from diesel-fueled refuse trucks were evaluated under typical 
operating conditions. These emissions were compared to emissions generated during constant 
operating conditions. MOVES was used to evaluate the Emission Factors (EFs) for waste 
collection vehicles. MOVES provides a better estimate for waste collection vehicles EFs 
accounting for emissions while idling, decelerating, and acceleration. However by comparing 
these emissions with actual field measurements, it appears that MOVES still underestimate these 
emissions. 
Further, a qualitative comparison between alternative fuels was performed. The main 
purpose of such a comparison was to assess different factors that affect the selection of a future 
fuel for waste collection vehicles. The analysis consists of a multifactorial assessment of 
environmental, financial, operational, safety, and security issues associated with the use of 
alternative fuel technologies. In order to complete the analysis, the selection criteria were 
evaluated based on the technical literature and the thesis findings. Moreover, a survey measuring 
the significance of these criteria to industry professionals was conducted. According to the 
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analysis, CNG, LNG and LFG were found to be the best available alternative fuels for waste 
collection vehicles.  
In conclusion, CNG, LNG and hybrid waste collection vehicles are considered better 
alternatives to traditional diesel-fueled vehicles. Moreover, LFG is a sustainable source of 
natural gas. The use of LFG to fuel CNG and LNG waste collection vehicles has a reduced 
environmental impact compared to fossil fuel. Natural gas had a lower travel cost compared to 
other fuels and the US Department of Energy suggest this will continue over the next two 
decades. However, the initial infrastructure cost need for CNG/LNG fueling stations is the main 
disadvantage. The use of hydrogen as a fuel for waste collection vehicles is still a novel idea 
which should be explored further since the use of gaseous hydrogen provides a significant 
reduction in GHG life-cycle emissions. Hybrid waste collection vehicles have advantages in 
GHG emissions with respect to diesel-fueled waste collection vehicles as well. However, the 
initial high cost of these vehicles compared to the traditional diesel-fueled is currently considered 
the main disadvantage for this alternative technology.  
6.2 Future Work 
This thesis examined waste collection vehicles during waste collection. Waste collection vehicles 
operate under four different operation modes: (a) urban driving, (b) waste collection, (c) freeway 
driving, and (d) landfill activities. Each operational mode has different speed, idling time, 
emissions, and breaking profiles. Texas Transportation Institute at Texas A&M University 
established a baseline for diesel-fueled waste collection vehicles emissions under actual 
operation conditions (Farzaneh et al., 2009). Two portable emissions measurement systems 
(PEMS) were used to measure the gaseous state emission and PM emissions from in-use refuse 
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trucks during the four different operational modes. In a future study, MOVES could be used to 
model Texas Sate collection vehicles to find the expected gaseous and Particulate Matter (PM) 
emissions under the four different operational and compare them to real data emissions. This 
analysis would be useful to validate the MOVES results as compared to actual emissions.   
In a future study, on-board GPS devices could be used to track waste collection vehicles 
during their daily operational activities. GPS devices could be monitored remotely to collect 
driving cycle information of waste collection vehicles at different times and locations. In this 
approach, the speed vs. time will be generated for waste collection vehicles at different locations. 
Simultaneously, atmospheric conditions such as temperature will be obtained from the local 
weather station. Accordingly, MOVES will be used to estimate emissions for diesel-fueled waste 
collection vehicles using the collected data as an input.  
In this study, natural gas (CNG/LNG), biodiesel, hybrid, and hydrogen fuels have a 
potential to be a future fuel for waste collection vehicles.  However, so far MOVES does not 
provide data regarding emissions and fuel consumption for waste collection vehicles using these 
fuels. A future study could be conducted to build a database using MOVES for these alternative 
fuel technologies.  The literature provides a good source for such data. Several examples include 
Texas Transportation Institute study, which investigated the emissions from Liquefied Natural 
Gas (LNG) and Compressed Natural Gas (CNG) waste collection vehicles under actual operating 
conditions (Farzaneh et al, 2009), Waste Management Inc. also conducted tests on CNG/LNG 
waste collection vehicles (Chandler, 2001). Several field tests were performed on the Autcar E3 
hybrid refuse truck as well (Parker Corporation, 2010). This future study will implement a 
national model for waste collection vehicles. The model will serves as a tool to estimate the fuel 
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consumption, emissions, and travel cost for diesel-fueled waste collection vehicles as well as 
alternative fuels vehicles under different operating conditions.  
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APPENDIX A: ALTERNATIVE FUELS SURVEY 
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Environmental Study of Solid Waste Collection 
Fuel Selection Criteria 
 
Please rate the significance of the following factors in electing fuels used in waste collection 
vehicles. The rating is based on a scale of one to ten (low significance to high significance).   
 
I. Environmental Issues. “how significant is:” 
a. The air pollution and toxics emitted by the fuel: 
 1             2             3            4             5            6             7             8             9             10 
 Low Significance                       High Significance 
 
b. The fuel lifecycle: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
c. The fuel impact on water sources: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
 
II. Security Issues. “how significance is:” 
a. The dependence on foreign countries for fuel (ex. Middle East): 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
b. The  global supplies of the fuel: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
c. The use of renewable fuel: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
d. The community acceptance of the fuel 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
 
III. Financial Issues. “how significance is:” 
a. The capital cost of fuel utilization “Vehicles cost”: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
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Environmental Study of Solid Waste Collection 
Fuel Selection Criteria 
 
 
b. The running cost of fuel utilization “Fuel cost and vehicles maintenance cost”:  
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
c. Fuel Prices Stability: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
d. Fuel infrastructures cost: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
IV. Operational Issues. “how significance is:” 
a. Vehicle weight:  
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
b. Operational range of the vehicle: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
 
V. Safety Issues. “how significance is:” 
a. The noise associated with collection vehicles: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
b. The occupational safety associated with collection vehicles: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
 
 
c. The fuel hazards of utilization: 
1             2             3            4             5            6             7             8             9             10 
Low Significance                       High Significance 
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APPENDIX B: FIGURES DATA POINTS 
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Table B-1: Fuel Life-Cycle Emissions. 
Fuel Category 
kg CO₂ 
Equivalent  
Percentage Emission 
Relative to Gasoline 
Gasoline 5.42 100% 
LNG (Non-North America Source) 4.91 91% 
LNG (North America Source) 4.77 88% 
CNG (Non-North America Source) 4.59 85% 
Diesel  4.58 84% 
LPG  4.50 83% 
E85 4.15 76% 
Biodiesel (B20)  4.14 76% 
CNG (North America Source) 4.09 75% 
Hybrid 3.83 71% 
Gaseous H2 (on-site Refueling) 3.15 58% 
Biodiesel (B100)  1.10 20% 
LNG (LFG) 0.19 4% 
CNG (LFG) 0.12 2% 
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Table B-2: Cost Trend for Waste Collection Vehicle Travel. 
Year 2008 2009 2010 2015 2020 2025 2030 2035 
LPG ($/million 
Btu) 
30.23 25.52 27.24 30.56 32.96 34.62 35.56 35.66 
Million Btu/mile 5.40E-02 5.40E-02 5.40E-02 5.40E-02 5.40E-02 5.40E-02 5.40E-02 
5.40E-
02 
US $/CVMT 1.63 1.38 1.47 1.65 1.78 1.87 1.92 1.93 
  
E85 ($/million 
Btu) 
35.36 20.50 24.89 26.38 28.79 29.49 30.34 30.93 
Million Btu/mile 5.41E-02 5.41E-02 5.41E-02 5.41E-02 5.41E-02 5.41E-02 5.41E-02 
5.41E-
02 
US $/CVMT 1.91 1.11 1.35 1.43 1.56 1.60 1.64 1.67 
  
Gasoline 
($/million Btu) 
27.06 19.28 22.12 25.97 28.15 29.49 30.33 30.90 
Million Btu/mile 5.69E-02 5.69E-02 5.69E-02 5.69E-02 5.69E-02 5.69E-02 5.69E-02 
5.69E-
02 
US $/CVMT 1.54 1.10 1.26 1.48 1.60 1.68 1.73 1.76 
  
Diesel ($/million 
Btu) 
27.97 17.79 21.07 22.50 25.69 27.19 27.98 28.39 
Million Btu/mile 4.62E-02 4.62E-02 4.62E-02 4.62E-02 4.62E-02 4.62E-02 4.62E-02 
4.62E-
02 
US $/CVMT 1.29 0.82 0.97 1.04 1.19 1.26 1.29 1.31 
  
CNG ($/million 
Btu) 
17.20 12.71 12.04 11.97 12.25 12.84 13.14 13.57 
Million Btu/mile 5.23E-02 5.23E-02 5.23E-02 5.23E-02 5.23E-02 5.23E-02 5.23E-02 
5.23E-
02 
US $/CVMT 0.90 0.67 0.63 0.63 0.64 0.67 0.69 0.71 
  
Hybrid ($/million 
Btu) 
27.97 17.79 21.07 22.50 25.69 27.19 27.98 28.39 
Million Btu/mile 3.87E-02 3.87E-02 3.87E-02 3.87E-02 3.87E-02 3.87E-02 3.87E-02 
3.87E-
02 
US $/CVMT 1.08 0.69 0.81 0.87 0.99 1.05 1.08 1.10 
  
LNG ($/million 
Btu) 
17.20 12.71 12.04 11.97 12.25 12.84 13.14 13.57 
Million Btu/mile 6.05E-02 6.05E-02 6.05E-02 6.05E-02 6.05E-02 6.05E-02 6.05E-02 
6.05E-
02 
US $/CVMT 1.04 0.77 0.73 0.72 0.74 0.78 0.80 0.82 
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Table B-3: Waste Collection EFs (g or KJ per mile Travel) vs. Average Speed. 
Speed (mph) 5 10 15 20 25 30 35 40 45 50 
Carbon Monoxide 16.23 8.21 6.67 5.46 4.90 4.46 3.90 3.66 3.47 3.25 
Oxides of Nitrogen 48.69 22.23 19.61 17.44 16.06 15.51 13.47 12.93 12.50 11.95 
Carbon Dioxide 5,611 2,643 2,396 2,100 1,945 1,876 1,596 1,538 1,494 1,417 
Total Energy 
Consumption 
76,515 36,035 32,673 28,637 26,524 25,585 21,767 20,980 20,367 19,322 
CO2 Equivalent 5,611 2,643 2,396 2,100 1,945 1,876 1,596 1,538 1,494 1,417 
 
 
Table B-4: Waste Collection EFs (g or KJ per mile Travel) vs. Road Grade. 
Road Grade -20 -15 -10 -5 0 5 10 15 20 
Carbon Monoxide 1.70 1.78 2.07 3.01 4.90 8.02 10.91 13.64 15.23 
Oxides of Nitrogen 3.99 4.11 4.40 5.82 16.06 33.12 50.50 65.66 73.60 
Carbon Dioxide 631 642 659 771 1,945 4,088 6,407 8,449 9,506 
Total Energy Consumption 8,610 8,751 8,985 10,511 26,524 55,742 87,365 115,207 129,626 
CO2 Equivalent 631 642 659 771 1,945 4,088 6,407 8,449 9,506 
 
 
Table B-5: Noise Level Associated with Manual and Automated Waste Collection Vehicles. 
Position 
Distance 
From Waste 
Collection 
Vehicle (ft) 
Noise Dosimeter Reading (db) 
Manual 
Truck 
(1) 
Manual 
Truck 
(2) 
Automated 
Truck (1) 
Automated 
Truck (2) 
Manual Trucks 
Average 
Automated 
Truck Average 
1 -100 70.4 68.7 68.9 77.6 70 73 
2 -60 80.5 86.6 75.8 79.1 84 77 
3 0 85.5 93.3 84.5 84.5 89 85 
4 60 80.7 85.7 75.8 75.9 83 76 
5 100 68.4 70.7 68.9 68.6 70 69 
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APPENDIX C: SAMPLE CALCULATIONS 
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 Sample Calculation for Table 3-1: 
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 Sample Calculation for Table 3-2: 
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 Sample Calculation for Table 3-3: 
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 Sample Calculation for Table 3-4: 
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 Sample Calculation for Table 3-5: 
 Energy Required by Conv. Gasoline Waste Collection Vehicle 
                                                                                  
= 
            
    
              
      
             
    
 
 Energy Required by CNG Waste Collection Vehicle 
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 Average mpg for Conv. Gasoline Waste Collection Vehicle 
 
                                 
    
 
 
            
  
           
    
 
   
          
          
 Average mpDEG for Conv. Gasoline Waste Collection Vehicle 
 
                                 
    
 
 
          
  
           
    
 
   
          
            
 
 Sample Calculation for Table 3-7: 
 Energy Required by LNG Waste Collection Vehicle 
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 Average m per ft
3
 for LNG Waste Collection Vehicle 
 
                            
    
 
 
       
  
           
    
 
   
         
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
70 
 
APPENDIX D: APPROVAL OF EXEMPT HUMAN RESEARCH 
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Telephone: 407-823-2901 or 407-882-2276 
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Approval of Exempt Human Research 
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